28 Tel: +61 2 9351 5591 29 30 Word count: Abstract -247 words, Importance -140 words, Main text -5930 words 31 32 Running title: Punctuated evolution of myxoma virus. 33 2 ABSTRACT 34 Myxoma virus (MYXV) has been evolving in a novel host species -European rabbits -in 35 Australia since 1950. Previous studies of viruses sampled from 1950 to 1999 revealed a 36 remarkably clock-like evolutionary process across all Australian lineages of MYXV. Through 37 an analysis of 49 newly generated MYXV genome sequences isolated in Australia between 38 2008 and 2017 we show that MYXV evolution in Australia can be characterized by three 39 lineages, one of which exhibited a greatly elevated rate of evolutionary change and a 40 dramatic break-down of temporal structure. Phylogenetic analysis revealed that this 41 apparently punctuated evolutionary event occurred between 1996 and 2012. The branch 42 leading to the rapidly evolving lineage contained a relatively high number of non-43 synonymous substitutions, and viruses in this lineage reversed a mutation found in the 44 progenitor standard laboratory strain (SLS) and all previous sequences that disrupts the 45 reading frame of the M005L/R gene. Analysis of genes encoding proteins involved in DNA 46 synthesis or RNA transcription did not reveal any mutations likely to cause rapid evolution. 47 Although there was some evidence for recombination across the MYXV phylogeny, this was 48 not associated with the increase in evolutionary rate. The period from 1996 to 2012 saw 49 significant declines in wild rabbit numbers, due to the introduction of rabbit hemorrhagic 50 disease and prolonged drought in south-eastern Australia, followed by the partial recovery 51 of populations. We therefore suggest that a rapidly changing environment for virus 52 transmission changed the selection pressures faced by MYXV and altered the course of 53 virus evolution. 54 55 IMPORTANCE 56 The co-evolution of myxoma virus (MYXV) and European rabbits in Australia is one of the 57 most important natural 'experiments' in evolutionary biology, providing insights into virus 58 adaptation to new hosts and the evolution of virulence. Previous studies of MYXV evolution 59 have also shown that the virus evolves both relatively rapidly and in a strongly clock-like 60 manner. Using newly acquired MYXV genome sequences from Australia we show that the 61 virus has experienced a dramatic change in evolutionary behavior over the last 20 years, 62 with a break-down in clock-like structure, the appearance of a rapidly evolving virus 63 lineage, and the accumulation of multiple non-synonymous and indel mutations. We 64 suggest that this punctuated evolutionary event likely reflects a change in selection 65
potentially attenuating mutations or insert a potentially attenuating mutation did not result in 138 phenotypic changes (31). This has made it difficult to define the molecular basis of the initial 139 attenuation or to define the molecular drivers of the ongoing virus evolution in wild rabbit 140 populations, potentially in competition with continuing selection for resistance to 141 myxomatosis. 142 143 Phylogenetic analyses of almost 50 full genome sequences from Australian and European 144 viruses have demonstrated that despite the similarity in evolutionary outcomes on the two 145 continents there were almost no shared mutations across the Australian and UK sequences 146 and hence no convergent evolution at the genomic level (30). However, the evolutionary 147 rates for the two radiations were both remarkably similar, at approximately 1 x 10 -5 148 nucleotide substitutions per site, per year. Virus evolution on both continents was also 149 strongly clock-like, manifest in a consistent relationship between time of sampling and 150 genetic distance (30). 
RESULTS

164
Phylogenetic analysis of Australian MYXV 165 We sequenced and analyzed 50 field strains of MYXV sampled in south-eastern Australia. 166 Of these, 49 were collected during the period 2008-2016. One archival sample from 1990 167 was also sequenced ( Table 1 ). In addition, we re-sequenced the SLS progenitor and an 168 SLS-like virus from archival samples, and re-sequenced regions of the Glenfield (GV) strain 169 (originally sampled in February 1951 during the first epizootic). The geographic locations of 170 the sampled viruses, as well as their lineage (see below) are shown in Fig. 1 . 6 Our phylogenetic analysis of all complete MYXV genomes from Australia (n = 78) revealed 173 that those viruses sampled between 1990-2016 can be placed into three main lineages, 174 denoted here as lineages A, B and C, although only lineage C receives strong bootstrap 175 support (Fig. 2) . A single virus, Meby, isolated in Tasmania in 1991 could not be placed in 176 these three lineages and fell in a more basal position. Lineage A contained viruses sampled 177 between 1990-2016, including a small cluster of five viruses isolated between 2013 and 178 2016 (Fig. 2) . Similarly, lineage B contained viruses sampled from 1993-2016 and from a 179 variety of geographic and climatic areas including semi-arid South Australia (Pt. Augusta, 180 Olympic Dam, Flinders Ranges, Wilpena, ABC Range) and more temperate, higher rainfall 181 areas in South Australia, New South Wales and close to Canberra in the Australian Capital 182 Territory ( Fig. 1 and 2 ). This lineage also included previously sequenced viruses isolated 183 from the Canberra region and western Queensland in the 1990s. Interestingly, all but four 184 viruses in clade B, including all the recent isolates, have a 1635 nt duplication 185 encompassing the M156R, M154L genes and part of the M153R genes normally found at 186 the RH TIR boundary that has been duplicated at the LH TIR boundary; this is effectively an 187 expansion of the TIRs, with loss of 923 nt of the 3' end of the M009L gene at the LH TIR 188 (Fig. 2) . This duplication was first seen in viruses isolated from the Canberra district in 1995 189 (26, 28) . 190 191 Finally, lineage C includes viruses isolated from different geographic and climatic areas of 192 Victoria (Hattah, Hoppers Crossing, Wonga Park), southern NSW (Deniliquin) and a broad 193 geographic and climatic region of South Australia from the far north desert country (Pukatja) 194 to the higher rainfall Adelaide Hills and Mt. Gambier in the south. This lineage is notable in 195 that it only contains viruses sampled from 2012 onwards and that all viruses contain the TIR 196 expansion seen in clade B. More dramatically, individual tree branches within lineage C are 197 longer than those in the other two lineages and exhibit a marked lack of temporal structure; 198 that is, many of the earlier sampled viruses (from 2012) fall no closer to the root of the tree 199 than those sampled in 2016. This includes viruses sampled between 2012 and 2016 at the To assess the extent of temporal structure in the Australian MYXV sequences in a more 206 quantitative manner we performed a regression of root-to-tip genetic distances against the 207 year of sampling. This revealed that all MYXV sequences with the exception of those 208 assigned to lineage C exhibited relatively strong rate constancy, as previously observed in 209 MYXV in both Australia and Europe (30) . In contrast, most of those viruses assigned to 210 lineage C have elevated rates such that they consistently fall above the regression line 211 (Figure 2 insert) . Across the Australian viruses as a whole, the R 2 value of the relationship 212 between root-to-tip genetic distances against the year of sampling was 0.58, whereas 213 values of between 0.93 and 0.98 were observed in previous studies that did not include 214 lineage C. Importantly, the viruses assigned to lineage C were sequenced at the same time 215 as those from the other lineages indicating that their divergent position is not a laboratory 216 artefact.
218
Mutations associated with the rapidly evolving MYXV lineage C 219 To determine what processes might be associated with the rate elevation in lineage C, we 220 mapped all nucleotide and amino acid substitutions onto the ML phylogenetic tree and 221 examined in detail those that occurred early in the history of lineage C. Specifically, we 222 focused on (i) the branch directly leading to lineage C, immediately prior to the divergence were non-synonymous. Such a relatively high frequency of non-synonymous substitution is 228 compatible with either a relaxation of selective constraints or, more likely, the occurrence of 229 positive selection on this lineage. These non-synonymous substitutions include an amino 230 acid change in the M010L gene (A66V). M010 is a homologue of cellular epidermal growth 231 factor/transforming growth factor alpha and is critical for virulence (36, 37) . Interestingly, 232 this is the only amino acid substitution in M010 we have seen in Australian isolates, 233 although a valine is also found at this position in the Californian MYXV strain MSW and 234 rabbit fibroma virus. Two non-synonymous mutations were also seen in M036L that 235 encodes a protein orthologous to the orthopoxvirus Vaccinia virus (VACV) O1. O1 236 potentiates ERK1/2 signalling stimulated by the VACV epidermal growth factor homologue 237 (38) . There are no data on the role (if any) of M036 in MYXV infection and whether it 238 potentiates the activity of M010. However, mutations in the M036L gene are relatively 239 common and disruption of the gene in field isolates of MYXV is compatible with high 240 virulence (5, 25, 30) . 241 In addition to the novel mutations found on this branch there were two reversals of non-243 synonymous mutations in M014L and M134R that occurred on the root branch leading to 244 all the sequences from 1990 onwards. The role of M014 is undefined, but it likely functions 245 as part of an E3 Ub ligase complex (39). M134 is an orthologue of Variola virus (VARV) B22, 246 which has been implicated in suppression of T cells in orthopoxvirus infections (40). In an additional attempt to reveal recombinants we inferred phylogenetic trees for non-277 overlapping 25K regions of the MYXV genome ( Fig. 3 ). This revealed clear, although 278 complex, patterns of topological movement, and in most cases it was impossible to 279 statistically prove recombination because of a lack of phylogenetic resolution due to low 280 levels of sequence diversity. Indeed, the only case in which the changes in tree topology 281 were supported by high levels of bootstrap support concerned a cluster of three viruses The same mutation was present in related viruses isolated 12 months later in the Flinders 376 Ranges and in August 2015 at Olympic Dam some 100 km to the west. While we cannot 377 exclude the possibility that this insertion occurred multiple times independently, it seems 378 more likely that these closely related viruses were descendants of a single common 379 ancestral strain that contained the mutation. 382 The original epizootic of myxomatosis in 1950 stemmed from wild rabbits inoculated with 383 virus later termed Standard Laboratory Strain (SLS). In the following years, many releases of 384 this virus were made by inoculating rabbits. It is possible that polymorphisms in stocks 385 contributed to diversity in the field. For example, the nucleotides at positions 2576 and 386 149,127 in the stock of SLS that we originally sequenced were not found in any other 387 Australian viruses. This suggests that mutations at these positions may have occurred 388 during passage in rabbits or cell culture (4) There are a number of sequence differences between our original SLS sequence and the 393 1956 stock and 1949 viruses (Table 3 ). In the case of nt positions 2756 and 149,127 the 394 SLS 1956 stock had the same sequence as the field isolates, suggesting that these were 395 the original sequences at these positions. In addition, the 1956 virus had two single nt 396 insertions which were seen in some early isolates: the G insertion at 122,397 was present in 397 the GV strain (isolated in February 1951, but more virulent than SLS despite the gene 398 disruptions), and the A insertion at 131,587 was present in the Ur strain (1953 What, then, is the most likely cause of this punctuated evolutionary event? We did not find 421 any convincing evidence for mutations in genes involved in DNA replication or transcription 422 that might lead to a more error-prone replication, or more cycles of replication, that could 423 have conceivably led to an increase in rate. Similarly, while there is some evidence for 424 recombination in the recent isolates of MYXV, including some viruses within lineage C, its 425 impact appears to be localized to specific viruses and particular genomic locations. We 426 therefore suspect that recombination is unlikely to be responsible for the punctuated 427 evolution of lineage C. Within lineage C it is tempting to speculate that the reversion of the M005L/R gene 451 mutation to generate an intact ORF provided the phenotype conferring that selective 452 advantage. The M005 protein has been shown to inhibit apoptosis in MYXV-infected 453 lymphocytes in European rabbits and to have host-range functions in human cancer cells, 454 and is a key virulence gene in Lu (41, 67, 68) . Mutational disruption of M005 has been 455 shown to reduce virulence in the Lu genetic background with no development of secondary 456 cutaneous lesions (41). Australian isolates do not appear to have expressed M005 despite 457 many having high virulence. The role of virulence in transmission in low density rabbit 458 populations with high genetic resistance is likely complex and it is possible that mutations 459 acting on other phenotypic characteristics such as lesion morphology may be important. 460 The genetic determinants of virulence in the field are clearly complex and likely 461 multifactorial, and wild-type virulence is not easily explained by the so-called virulence 462 determinants identified in gene knock-out studies. 
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Sequences of the Australian progenitor SLS virus
PCR analysis and sequencing of disrupted genes in GV.
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The primer sequences used were as follows: To test for the presence of recombination in the Australian MYXV data we first performed a 581 screen for recombination using the RDP, Genecov and Bootscan methods (with default 582 settings) available within the RDP4 package (78). In addition, we estimated ML phylogenetic 583 trees for non-overlapping 25K sections of all the Australian MXYV sequences sampled here 584 using the same procedure as described above. A visual inspection for phylogenetic 585 incongruence supported by high numbers of bootstrap replications (>70%) was then used 586 to identify putative recombination events. 
